Multiple Sclerosis (MS) is an inflammatory and neurodegenerative disease of the central nervous system. The inflammatory process in MS is driven by both T and B cells and current therapies are targeted to each of these cell types. Epigenetic mechanisms may provide a valuable link between genes and environment. DNA methylation is the best studied epigenetic mechanism and is recognized as a potential contributor to MS risk. The objective of this study was to identify DNA methylation changes associated with MS in CD19 + B-cells. We performed an epigenome-wide association analysis of DNA methylation in the CD19 + B-cells from 24 patients with relapsing-remitting MS on various treatments and 24 healthy controls using Illumina 450 K arrays. A large differentially methylated region (DMR) was observed at the lymphotoxin alpha (LTA) locus. This region was hypermethylated and contains 19 differentially methylated positions (DMPs) spanning 860 bp, all of which are located within the transcriptional start site. We also observed smaller DMRs at 4 MS-associated genes: SLC44A2, LTBR, CARD11 and CXCR5. These preliminary findings suggest that B-cell specific DNA-methylation may be associated with MS risk or response to therapy, specifically at the LTA locus. Development of B-cell specific epigenetic therapies is an attractive new avenue of research in MS treatment. Further studies are now required to validate these findings and understand their functional significance.
Multiple Sclerosis is an inflammatory and neurogenerative disease leading to demyelination and axonal loss. Risk of developing MS is thought to be influenced by both genetic and environmental factors. The primary environmental factors that influence disease pathology are sunlight exposure, Epstein-Barr virus (EBV) infection and smoking 1 . Genome wide association studies (GWAS) have identified 149 genes associated with MS risk with approximately one third coming from variations in the major histocompatibility complex (MHC) 2, 3 . Despite this, there still remains a large element of unexplained heritability in terms of disease pathology.
Epigenetic mechanisms are capable of modifying the genome without changes to the DNA sequence and can be inherited. One well-studied epigenetic mechanism is DNA methylation, which is the addition of a methyl group to CpG dinucleotides. We, and others, have used genome-wide DNA methylation technologies to identify differentially methylated positions (DMPs) in the T-cells of MS patients compared to healthy controls [4] [5] [6] [7] [8] . In two independent studies of CD4
+ T-cells, we found a striking differentially methylated region (DMR) located within the major histocompatibility complex (MHC) region, with a major peak at HLA-DRB1 and RNF39 4, 6 . Using the same cohort of patients we assessed DMPs in CD8
+ T-cells and found 79 DMPs, all of which showed minor association with MS but none of which overlapped with any of the DMPs found in CD4 + T-cells There is evidence to suggest that T-cells may have a role in MS pathology (reviewed in Martin et al. 9 ). However, it is becoming increasingly clear that B-cells may also play a substantial role in helping to drive disease. Activated B-cells may contribute to MS pathology as antibody producing cells, antigen presenting cells or as a source of pro-inflammatory cytokines (reviewed in Lehmann-Horn et al. 10 ). Evidence for this is in the success of B-cell depleting monoclonal antibodies, such as rituximab 11 and ocrelizumab 12 as MS therapies. Additionally, many currently approved MS therapies, for example fingolimod and dimethyl fumarate, also have an impact on B cells through reduced numbers or a shift in phenotype towards a more anti-inflammatory cytokine profile (reviewed in Lehmann-Horn et al. 10 ).
In an effort to identify B-cell specific DMPs associated in MS, we performed genome-wide DNA methylation study of CD19 + B-cells from MS patients and healthy controls. We used the same cohort and data analysis techniques as our previous studies so that the results could be compared to those from the CD4 + and CD8 + T-cells.
Methods and Materials
Ethics Statement. The Hunter New England Health Research Ethics Committee and University of Newcastle Ethics committee approved this study (05/04/13.09 and H-505-0607 respectively), and methods were carried out in accordance with institutional guidelines on human subject experiments. Written and informed consent was obtained from all patient and control subjects. MS patients gave written and verbal consent. The Australian Red Cross Blood Service ethics committee approved the use of blood from healthy donors.
Sample Processing. We performed an epigenome-wide association study (EWAS) of CD19
+ B-cells using the same patient cohort, work flow and data analysis as described in our previous study 4 . Briefly, whole blood was collected from 24 RRMS patients and 24 healthy controls. All patients were diagnosed with RRMS according to the McDonald criteria 13 . PBMCs were isolated from 45 mL of whole blood by density gradient centrifugation on lymphoprep (StemCell Technologies, Canada). CD19
+ B cells were isolated using positive selection, magnetic separation kits (Stem Cell Technologies, Canada) according to the manufacturer's protocols. Purity was assessed using FITC conjugated anti-CD19 antibody (clone H1B19, catalog #60005FL.1, StemCell Technologies, Canada) and the FACS CantoII flow cytometer (BD Biosciences, USA) and analyzed using the FACSDiva software (BD Biosciences, USA). All samples met a minimum purity threshold of ≥90%. DNA was extracted using the QiaAMP DNA micro kit (Qiagen, USA). DNA was then bisulphite converted and hybridized to Illumina 450 K arrays (service provided by the Australian Genome Research Facility).
Data analysis.
Raw fluorescence data were processed using a combination of R/Bioconductor and custom scripts. Raw data was parsed into the Bioconductor MINFI package. Methylation data was background corrected and quantile normalized according to MINFI routines. Data was cleaned by removing control probes, probes which map multiple times to the genome, cross-reactive probes and failed probes for which the intensity of both the methylated and the unmethylated probes was <1000 units across all samples. A threshold of 1000 units was selected based on the profile of the available negative control probes. Y chromosome probes were filtered out. All probe sequences were mapped to the human genome (buildHg19) using BOWTIE 14 to identify potential hybridization anomalies. We chose to retain probes containing single nucleotide polymorphisms (SNPs) and filter these out post hoc where appropriate (see results section).
Measures of methylation (β values) were produced for each probe and ranged from completely unmethylated (β = 0) to completely methylated (β = 1). To identify differentially methylated positions (DMPs) associated with MS subtypes in this cohort, we first calculated the difference in median β value by subtracting the median β value of controls (median cont ) from the median β value for cases (median case ). This produced a Δ meth score ranging from −1 (hypomethylated) to 1 (hypermethylated). A two-sample Kolmogorov-Smirnov test (K-S test) was used to determine if Δ meth was statistically significant. A K-S test was chosen over the F test because of the marked variation in the distribution of the β values among the probes. Rather than base our CpG selection strictly on statistical significance (P-values) of the K-S test, which is overly limiting due to the small sample size and could miss important signal, we used a selection strategy based on a combination of P-value and effect size (ie. Δ meth score). We have used this approach successfully in previous studies to implicate differential methylation at HLA in CD4+ cells with regard to MS [4] [5] [6] . A CpG was considered a DMP if the P-value was <0.05 and the absolute β value was >±0.1. Differentially methylated regions (DMRs) were called if at least two DMPs were found within a 500 base pair (bp) span of each other and were altered in the same direction (either all hypermethylated or all hypomethylated).
Over-Representation Analysis (ORA): To assess the biological relevance of DMPs in terms of MS pathology we conducted an ORA on resultant the DMP list using the WebGestalt engine (www.webgestalt.org) incorporating the KEGG pathways database. Table 1 shows the patient demographic for 24 MS patients and 24 healthy controls (Table 1) . A total of 7618 CpGs met the criteria for a DMP (Table S1 ). Figure 1 shows the genome-wide distribution of differential methylation (Δ meth ) for all DMPs. Amongst the DMPs, we observe an overall hypomethylation in MS cases, with 4731 (62%) of DMPs being hypomethylated and 2887 (38%) being hypermethylated in MS patients versus controls. When we considered genomic features for all DMPs we found 1869 (24.5%) map to intergenic regions, 3226 (42.3%) within the gene body, 1254 at the transcriptional start site (TSS1500 or TSS200) (16.5%), 699 in the 5′ untranslated region (UTR) (9.2%), 211 map to the 1 st exon (2.8%) and 359 in the 3′UTR (4.7%) (Fig. 2 ).
Results

DMP and DMR analyses.
DMPs were ranked by Δ meth values. The two top ranked DMPs were located within the lymphotoxin alpha (LTA) gene (alias: tumor necrosis factor beta, TNFβ -hereafter referred to as LTA). These two sites had Δmeth (Table 2) .
Genetic influence at the LTA locus. One technical limitation of array technology is the influence that
SNPs may have on the calculated methylation levels (β values). Of the 19 DMPs identified at the LTA TSS, 13 of the corresponding probes contain an adjacent SNP which may potentially influence the methylation profile (Table 2) . Rather than remove these sites from our analysis, we assessed the genetic influence on the methylation signal by visualizing the distribution of β values. Figure 3A shows an example of a CpG site whose methylation signal is known to be influenced by a SNP located at this probe. This example shows that the β values cluster into 3 distinct regions representing the 3 possible genotypes (homozygous allele 1, homozygous allele 2 or heterozygous). Figure 3B shows the influence of SNPs on the top LTA CpG site in our DMR. The β values form a uniform spread, providing support that the SNP is not influencing the methylation signal at this particular CpG site. A similar result is seen in all DMPs within the LTA cluster (data not show). In addition to this, we compared the profiles of LTA in CD4
+ and CD8 + T-cells from our previous data sets with the same cohort. We found that hypermethylation at the LTA TSS appears to be specific to CD19
+ B-cells, providing further support that the methylation effects observed in this cohort are at least partially exclusive from the underlying genotype (Fig. 4) . Disease duration (yrs) 9.3 ± 6.6
Treatment (n)
• Naïve 1
• OFF > 3 months 4
• Interferon beta-1b 2
• Interferon beta-1a 3
• Glatiramer acetate 2
• Natalizumab 4
• Fingolimod 8 Differential methylation at other genes within the MHC locus. Our previous study in CD4
+ T-cells identified a peak of differential methylation on chromosome 6 that mapped to the MHC region 4 . Specifically, we found a differentially methylated region that spanned 11 sites at the well-established MS risk gene, HLA-DRB1 that was unique to CD4 + T-cells 4, 5 . To determine if there is any overlap of DMPs in the MHC region between CD4 + T-cells and CD19 + B-cells, we performed a closer analysis of the MHC region. Figure 5 shows that although a similar distinct peak is present at the MHC region, it corresponds primarily to the DMR at LTA and to a lesser extent HLA-DRB1. However, there are 4 DMPs in CD19
+ B-cells that overlap with the sites found in CD4 + T-cells (Table 3) . These sites correspond to probes cg04985482, cg06032479, cg17416722, and cg24147543. The first site maps to the MHC class I polypeptide related sequence A (MICA) locus and the remaining three sites all map to sites within HLA-DRB1. All sites are altered in the same direction (hypo-or hypermethylated) and have a similar differential methylation value in both cell subsets (Table 3) .
Differential methylation at sites outside the MHC locus. To explore the importance of methylation outside the MHC region, we filtered DMPs outside the MHC to include only those contained within the TSS or 5′UTR (1953 DMPs). We chose the TSS and 5′UTR as an initial filtering step because DNA methylation that occurs in the promoter regions is generally associated with transcriptional repression, but its role elsewhere in the genome is more complex and less well understood 15 . We then further filtered the list to include only DMRs. A DMR was considered if i) there were 2 or more DMPs, ii) these DMPs fell within a 500 bp span iii) the DMPs were altered in the same direction. This generated a list of 276 genes which contained a DMR in their 5′UTR or TSS.
A comparison of this list to genes with a known association to MS 2,3,16-18 revealed 4 DMRs (Table 4) . Choline transporter-like 2 (SLC44A2) and Lymphotoxin β receptor (LTBR) each have 2 hypomethylated DMPs within their TSS/5′UTR which are 72 and 113 bp apart, respectively. Caspase recruitment domain-containing protein 11 (CARD11) has 2 DMPs at the 5′UTR. Both of which are hypermethylated and 101 bp apart. There is a third DMP which is hypermethylated at the 5′UTR of CARD11; however, it is located >62,000 bp downstream of the DMR so it did not fulfil the criteria to be part of the DMR. At the TSS of the CXC chemokine receptor 5 (CXCR5), there are 2 DMRS that are 9266 bp apart. The first of these has 5 hypermethylated DMPs within an 86 bp span. These DMPs are between 20.7% and 31.1% hypermethylated. The second contains 3 DMPs within 42 bp of each other that are 17.7%, 13.9% and 18% hypermethylated.
Further analysis revealed several other DMRs outside the MHC region which reside in genes that may have biological significance to MS pathology. Of interest, there are 5 DMPs which lie within a 269 bp span at the cluster of differentiation 19 (CD19) locus. All are found within the TSS or 5′UTR and are hypermethylated by 22.4-30.7%. There is also a DMR at interleukin 21 receptor (IL21R) where 4 hypermethylated DMPs lie within a 264 bp span at the TSS.
Over-Representation Analysis (ORA).
The 7618 DMPs identified in the methylation analysis were located in 2899 genes. To assess the biological relevance of this gene set in terms of MS pathology we conducted a ORA using the WebGestalt engine to identify potential pathways associated with the 2899 gene set. Pathway analysis revealed significant alignment to innate immune system (293 genes, P = 4.08E-09), B-cell receptor signaling pathway (28 genes, P = 3.31E-04), cytokine signaling in Immune system (166 genes, 4.14E-04), and signaling by interleukins (119 genes, 1.46E-03). Table 5 shows the top 10 pathways identified.
Discussion
B-cells are gaining recognition in MS as potential regulators of disease pathology. In this study, we are the first to describe changes in the global DNA methylation profile in the CD19 + B-cells of MS patients compared to healthy controls. We find a slight overall hypomethylation and enrichment of genes involved in innate immunity and B-cell receptor and cytokine signaling pathways. We have identified a large, hypermethylated DMR in the TSS of LTA that is unique to the B-cell population. In addition, we identified four smaller DMRs at genes which contain known MS-associated SNPs, SLC44A2, LTBR, CXCR5, and CARD11.
The large DMR at LTA is of interest due to its longstanding, strong associations with MS. LTA encodes for the pro-inflammatory cytokine lymphotoxin-alpha (LT-α). LTA is over-expressed in CD4
+ T-cells, CD8 + T-cells and CD19
+ B-cells of RRMS patients 19 . Furthermore, in RRMS patients the LTA CSF/PBMC expression ratios are increased, and positively correlate with CD19 expression in CSF cells 19 . LTA producing cells have been found in the immediate vicinity of the demyelinating process in MS patients 20 and expression is present in acute and chronic active brain lesions in MS patients 21 . One inconsistency is that we have shown hypermethylation in the TSS, which implies potential downregulation of transcription (as opposed to over-expression). The most likely explanation for this inconsistency is the presence of hydroxymethylation. Bisulfite conversion does not distinguish between hydroxymethylated and methylated sites; thus, both are considered methylated by the methods used in this study. Unlike methylation, which negatively correlates with transcription, hydroxymethylation has been found to positively correlate with active transcription [22] [23] [24] [25] . Therefore, it is plausible that the methylation changes at LTA are due to changes in hydroxymethylation which would result in the overexpression seen in previous studies.
Another explanation for the inconsistency between our findings and previous studies could be due to transcript variants. LTA is known to have eight transcript variants, with multiple start sites 26 . Thus, the hypermethylation seen in our study may be related to an alternate transcriptional variant to that identified in previous studies. Alternately, previous studies were conducted primarily in treatment naïve patients, whereas our cohort only contains 1 treatment naïve sample. Therefore, hypermethylation and decreased LTA expression may be a result of treatment effects, or simply be reflective of disease stabilization.
Although we find DMRs at four other genes previously associated with MS, the functional significance of these DMRs is unclear. SLC44A2 is found in the peripheral tissues and has been associated with thrombosis and autoimmune hearing loss but not MS 27 . CXCR5 is used as the defining marker for follicular B helper T-cells (T FH ) but its expression has not been demonstrated in B-cells 28 . A recent study found LTBR expression levels increased in the animal model of MS, experimental autoimmune encephalitis (EAE), and that blockage of this receptor ameliorated disease in mice 29 . The same study investigated LTBR expression in RRMS patients and found increased transcript levels in patients who were resistant to . Hypomethylation in the TSS may be correlated with increased transcription of LTBR; however, the study by Inoue and colleagues used PBMCs, which contain a mixture of T-cells and B-cells, so it remains to be elucidated if increased expression is occurring in B-cells.
Although CARD11
does not yet have a demonstrated, functional role in MS, it is an essential scaffolding platform for the CARD11/ BCL10/MALT1 (CBM) complex 30 . NFκB governs the BCR-induced (B cell receptor) NFκB activation through a complex series of phosphorylation events that results in destruction of the NFκB inhibitor, IκB 30 . One known mechanism of action of the common MS therapy, dimethyl fumarate, is inhibition of the NFκB transcription factor; therefore, an intriguing possibility is that dysregulation of this pathway may play a role in MS pathology 31 . Although not part of the MHC locus or previously linked to MS, IL21R is involved in other autoimmune conditions such as systemic lupus erythematosus (SLE) 32 and arthritis 33 . It has been linked to B-cell proliferation and survival as well as B-cell apoptosis which suggesting a role in immune cell function 34, 35 . Autoimmune diseases often have overlapping aetiological and genetic backgrounds 36 . In our previous studies, we found that there is also overlap in epigenetic profiles of CD4 + T-cells from SLE and MS patients 6 . Recently, Julià et al. 37 assessed the DNA methylation profiles of B-cells from rheumatoid arthritis (RA) patients and performed a comparison with SLE patients 37 . To determine if there is overlap in the epigenetic profiles of CD19 + B-cells we compared our results to this study. Of the ten probes identified in their study, five also show differential methylation in the same direction (all hypermethylated) as in our study (Table 6 ). This suggests a common epigenetic precursor or epigenetic effect among related autoimmune diseases. One important consideration for our study is that the patients tested were taking various medications at the time of recruitment including interferons, glatiramer acetate, natalizumab and fingolimod. Only one patient was treatment naïve and 4 had been off treatment for more than 6 months. Although this study controlled for age, sex and treatment effects (as much as possible), due to our limited size we cannot control for changes associated with various environmental factors. Additionally, we were unable to control for B cell subtype compositions. As a third of the patients were taking fingolimod, this may have caused a significant change in the circulating cells.
This study adds to our knowledge of epigenetic factors in MS and further highlights the need to investigate individual cell subtypes when assessing DNA methylation in disease. It also raises several new and important questions including i) are these changes due to treatment effects ii) is the change in methylation at LTA due to hydroxymethylation iii) what role do environmental factors play on methylation changes iv) are the methylation effects due to changes in B cell subtypes and v) are DNA methylation changes a pre-disposing factor for MS or are they a result of disease pathology? Further studies are required using larger, treatment naïve cohorts that include epidemiological data will help extract if these results are due to treatment effects and allow the addition of environmental factors such as vitamin D, EBV virus infection and smoking as covariates in the analysis. Additionally, further studies should attempt to extrapolate the relative effect of methylation versus hydroxymethylation, possibly using a more targeted approach such as next generation sequencing. Overall, our results suggest that B-cell specific epigenetics may play a role in MS pathology. B-cell specific epigenetic therapies which target LTA expression would therefore be an attractive new avenue of research in MS treatments.
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